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z.2012.07Abstract An isometric ventricular preparation was used to investigate the effect of changes in tem-
perature (10, 15, 20, 25 and 30 C) on the cardiac contractility produced by increasing of frequency
in the catﬁsh heart. The ability of the ventricular preparation to develop the cardiac force at 10 C
continued regularly until a frequency of 1.0 Hz, whereas at 15, 20, 25 and 30 C, it continued devel-
oping the cardiac force until 2.0 Hz. The contractile force, the rate of contraction and the rate of
relaxation (cardiac contractions) decreased signiﬁcantly as contraction frequency increased. The
decreases in the cardiac contractility with the increasing of the contraction frequency from 0.2 to
2.0 Hz were signiﬁcantly higher at 15, 20 and 25 C than that at the same frequency at 30 C and
at 10 C in the range of frequency between 0.2 and 1.0 Hz. The percentage changes in the contractile
force at a contraction frequency of 2.0 Hz at 15, 20 and 25 C were 42 ± 2.7, 32 ± 2.5 and
32 ± 3.3, respectively; whereas it was 61 ± 1.3 at 30 C, and at 10 C, it was 60 ± 1.1 at a fre-
quency of 1.0 Hz. So, it can be concluded that the catﬁsh myocardium, like most ﬁsh hearts exhibits
a negative force–frequency relationship. But, this relationship is highly affected by the changes in
the temperature in a way that the lower temperature (10 C) and the higher temperature (30 C),
may provide a protective mechanism against the depressive effects of higher stimulation frequency.
This may be due to the differences in the handling of the activator Ca2+ to the contractile system
via the transsarcolemmal Ca2+ channels and/or Na+–Ca2+ changes, and the sarcoplasmic reticu-
lum Ca2+ release.
ª 2012 The Egyptian German Society for Zoology. Production and hosting by Elsevier B.V. All rights
reserved.hoo.com (M.F. El-Sayed).
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The force–frequency relationship is an important intrinsic reg-
ulatory mechanism of cardiac contractility (Endoh, 2004). This
relationship was studied in multicellular and single cell prepa-
rations to understand the functional property of the heart,
namely, its ability to develop force at different frequencies
(Shiels et al., 2002a). Therefore, by using the pharmacological
drugs and by extrapolation of the results to in vivo contraction
frequencies, the force–frequency relationship is still providing
useful information to the cardiac physiologist. This relation-and hosting by Elsevier B.V. All rights reserved.
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ary-phase negative or overall negative (Endoh, 2004). In mam-
mals, the force–frequency relationship varied with the species,
temperature and even between cell populations within the
same species (Frampton et al., 1991). Larger mammals have
a positive force–frequency relationship (Frampton et al.,
1991). Among ectothermic animals, most ﬁshes showed a neg-
ative force–frequency relationship (Keen et al., 1994; Shiels
and Farrell, 1997; Mercier et al., 2002; Shiels et al., 2002a).
Amphibians and reptiles (including turtles, lizards and snakes)
tend to show a secondary-phase negative response that is ﬂat
or positive at low frequencies and negative at high frequencies
(Rumberger and Riechel, 1972; Driedzic and Gesser, 1985;
Galli et al., 2006). It has been postulated that changes in the
force development are directly related to the changes in the
intracellular Ca2+ transient (Yue, 1992). The Ca2+ transient
is the transient rise and fall of cytosolic Ca2+ that links excita-
tion of the myocyte membrane to contraction of the myoﬁla-
ment via a process of excitation–contraction coupling (Bers,
2001, 2008). Negative force–frequency relationship may be re-
lated to a reduction in the Ca2+ inﬂux into the cytoplasm as a
result of either a reduction in sarcolemmal Ca2+ inﬂux (via
either the L-type Ca2+ channels or in exchange for Na+), or
a reduction in sarcoplasmic reticulum Ca2+ release at high fre-
quencies (Shiels et al., 2002a). In mammals, which show a po-
sitive force–frequency relationship, the sarcoplasmic reticulum
Ca2+ cycling represents the major supply of Ca2+ for excita-
tion–contraction coupling. The contribution of each compo-
nent (sarcolemmal Ca2+ channels, Na+–Ca2+ exchange and
sarcoplasmic reticulum Ca2+ cycling) in the excitation–con-
traction coupling depends on factors including temperature
(Shattock and Bers, 1987; Warren et al., 2010), species (Bers,
1985) and tissue type (atrial or ventricular) (Walden et al.,
2009). Changes in temperature have a remarkable effect on
physiological and biochemical processes in ectothermic ani-
mals. The temperature-dependency of the heart rate, cardiac
ion channel function and Ca2+ sources and transport during
excitation–contraction coupling of the heart are of particular
interest during temperature changes (Shiels et al., 2002a,b;
Farrell, 2009).
Temperature also, alters the force–frequency relationship in
mammals and ﬁsh hearts. Moreover, the ability of cardiac
muscle to function during an acute temperature change can
be essential for survival (Shiels et al., 2002b). In most ﬁshes,
acute increases in temperature caused a decrease in force–fre-
quency response, whereas acute decreases in temperature
caused an increase in force–frequency response (Vornanen,
1989; Shiels and Farrell, 1997, 2000; Shiels et al., 1999; Titu
and Vornanen, 2001). Thermal acclimation alters force–fre-
quency relationship in such a way that it may partially com-
pensate for the effect of acute temperature. It is clear that
temperature does not modulate the open probability of the sar-
coplasmic reticulum (SR) Ca2+-release channel in the same
manner in ﬁsh as it does in mammals. In mammals acute
reduction in temperature increases the open probability of
the SR-Ca2+ release channel (Sitsapesan et al., 1991).
Thus, the effect of the temperature changes on the force–
frequency relationship in ﬁshes is, however, still an open ques-
tion. To address this, we performed our experiments in vitro
(isometric force development) at 20 C (acclimation tempera-
ture), as well as at 10, 15, 25 and 30 C in isolated ventricular
preparations from the catﬁsh (Clarias gariepinus).Materials and methods
Experimental animals
Catﬁsh (C. gariepinus) of both sexes, weighed about 150–250 g,
were kept at room temperature in glass tanks with circulating
fresh water. Each experimental ﬁsh was killed by decapitation.
The heart was surgically removed and immediately transferred
to an ice-cold physiological solution in which ventricular strips
were prepared.
Ventricular strip preparation
Pairs of strips with a maximal thickness of 1 mm were excised
from the ventricle and placed into an oxygenated bathing med-
ium containing (mM): NaCl 125, KCl 2.5, CaCl2 1.25, MgSO4
0.94, NaH2PO4 1, NaHCO3 15 and glucose 5. The solution was
continuously bubbled with a gas mixture of 1% CO2 and 99%
O2 by a gas mixing pump (Wo¨thoff 1 M 301 af, Germany) pro-
viding pH 7.8.
The preparations were suspended using surgical silk to be
connected to a force transducer (Grass FT 03) placed around
a platinum electrode. This electrode and another one were
placed in the bath and were connected to a stimulator (Grass
SD9, Quincy, MA, USA) delivering electrical square pulses
with a duration of 8 ms and a voltage of 50% above the thresh-
old value in order to provide a maximal stimulation through-
out the experiment.
The stimulation frequency was 0.2 Hz (12 bpm) unless
otherwise stated. Preparations were stretched to provide a
twitch tension at the maximum of the length-twitch tension
relation. Twitch force was allowed to stabilize for 20–30 min
before experimentation.
Experimental protocol
To explore the effect of different temperatures (10, 15, 20, 25
and 30 C) on the changes of the cardiac contractility as a result
of increasing the stimulation frequency, two ventricular prepa-
rations were run in parallel at a stimulation frequency of 0.2 Hz
(physiological frequency) for about 30 min. After stabilization
at this frequency, the ﬁrst preparation was left at 0.2 Hz to act
as a control, whereas the second preparation was subjected to
stepwise increases in the stimulation frequency for a period of
5 min each. The changes in the cardiac contractility (contractile
force, the rate of contraction ‘‘df/dt’’ and the rate of relaxation
‘‘df/dt’’) with the increase in the stimulation frequency were
determined at different temperatures (10, 15, 20, 25 and
30 C) to address the inﬂuence of different temperatures on
the force–frequency relationship in the catﬁsh heart.
Data presentation and static analysis
Results are presented as mean values ± SE. The changes im-
posed by the different temperatures on the cardiac contractility
were normalized as a percentage (%) to that stabilized at
0.2 Hz before increasing the stimulation frequencies. In all
experiments, signiﬁcance levels with respect to parameters of
the same experimental protocol were assessed with one way
analysis of variance (ANOVA). A difference was considered
signiﬁcant when the P value was lower than 0.05.
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The effects of increasing stimulation frequency on the contrac-
tile force development at 10, 15, 20, 25 and 30 C are shown in
Fig. 1. At 10 C, preparations were able to contract regularly
until a stimulation frequency of 1.0 Hz (Fig. 1A), and 2.0 Hz
at temperatures of 15, 20, 25 and 30 C (Fig. 1B–E).
Fig. 1A shows that changes in the contractile force develop-
ment at 10 C were observed at 0.2 and 0.4 Hz, and then de-
creased signiﬁcantly (P< 0.05) starting at 0.5 Hz until a
frequency of 0.9 Hz, which is like that of 1.0 Hz. It means that
the catﬁsh heart has a negative force–frequency relationship at
higher frequencies. Regarding the stimulation frequency at
0.2 Hz, the changes in the contractile force development with
increasing the stimulation frequency were highly signiﬁcant
(P< 0.01) in the frequency range between 0.5 and 1.0 Hzforce at 10° C
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Figure 1 Effect of the increase in stimulation frequency on the contra
at 10 (A), 15 (B), 20 (C), 25 (D) and 30 C at a stimulation frequency
Values are mean ± SE (n= 6). *Signiﬁcant differences (P< 0.05) in(Fig. 1A). The changes in the rate of contraction (df/dt) devel-
opment at 10 C with increasing the stimulation frequency
were similar to that observed in the contractile force
(Fig. 2A). However, the changes in the rate of relaxation
(df/dt) with increasing the stimulation frequency at 10 C de-
creased signiﬁcantly (P< 0.05) in the range of frequency be-
tween 0.3 and 1.0 Hz (Fig. 3A). Compared with the
stimulation frequency maintained constant at 0.2 Hz, the
changes in the rate of relaxation were lower at all the applied
frequencies (Fig. 3A).
Fig. 1B shows that the contractile force at 15 C decreased
signiﬁcantly (P< 0.05) during further increment in the fre-
quency until the frequency of 1.3 Hz and then it was main-
tained constant until a frequency of 2.0 Hz. Similar results
were recorded for df/dt (Fig. 2B) and df/dt (Fig. 3B). It
should be noted that the decreases in the contractile force,Force at 25° C
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of 0.2 Hz and after increases at a stimulation frequency .
relation to values observed at a stimulation frequency of 0.2 Hz.
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Figure 2 Effect of the increase in stimulation frequency on the rate of contraction of ventricular strips from the catﬁsh (Clarias
gariepinus) at 10 (A), 15 (B), 20 (C), 25 (D) and 30 C at a stimulation frequency of 0.2 Hz and after increases at a stimulation
frequency . Values are mean ± SE (n= 6). *Signiﬁcant differences (P< 0.05) in relation to values observed at a stimulation
frequency of 0.2 Hz.
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were signiﬁcantly (P< 0.05) lower than that developed at a
stimulation frequency of 0.2 Hz (Figs. 1B, 2B and 3B).
At 20 C, the contractile force (Fig. 1C), the df/dt (Fig. 2C)
and the df/dt (Fig. 3C) decreased signiﬁcantly (P< 0.05)
with increasing the stimulation frequency. However, it should
be noticed that the decrease in cardiac contractility (force, df/
dt and df/dt) with increments in the stimulation frequency
was observed after each two successive stimulations, it means
after 12 bpm. As at 10 and 15 C, the decrease in the cardiaccontractility with the increase in the stimulation frequency
was signiﬁcantly (P< 0.05) lower than that maintained at
0.2 Hz (Figs. 1C, 2C and 3C).
At 25 C, the increase in the stimulation frequency resulted
in a signiﬁcant (P< 0.05) decrease in the contractile force, the
df/dt and the df/dt in the frequency range between 0.2 and
1.5 Hz, and the decrease continued at 1.6 and 2.0 Hz (Figs.
1D, 2D and 3D). Also, it was observed at 10, 15 and 20 C,
the decreases in the contractile force, the df/dt and df/dt with
increments in the stimulation frequency were signiﬁcantly
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Figure 3 Effect of the increase in stimulation frequency on the rate of relaxation of ventricular strips from the catﬁsh (Clarias gariepinus)
at 10 (A), 15 (B), 20 (C), 25 (D) and 30 C at a stimulation frequency of 0.2 Hz and after increases at a stimulation frequency .
Values are mean ± SE (n= 6). *Signiﬁcant differences (P< 0.05) in relation to values observed at a stimulation frequency of 0.2 Hz.
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quency of 0.2 Hz.
Fig. 1E shows that the increase in the stimulation frequency
resulted in a signiﬁcant decrease in the contractile force at
30 C. The decreasing in the contractile force with increasing
stimulation frequency was observed after two successive stim-
ulations (each 6 bpm), it means after 12 bpm, and these results
were similar to that observed at 20 C.
The changes in the df/dt (Fig. 2E) and the df/dt (Fig. 3E)
with the increase in stimulation frequency were similar to that
observed in the contractile force (Fig. 1E). Unlike the results
observed at 10, 15, 20 and 25 C, the changes in the contractileforce, the df/dt and the df/dt with increments in the stimula-
tion frequency were signiﬁcantly (P< 0.05) higher than that
observed at a stimulation frequency maintained at 0.2 Hz
(Figs. 1E, 2E and 3E).
Discussion
It has been reported that an increase in the stimulation fre-
quency resulted in an increase of the cardiac contraction (po-
sitive force–frequency relationship) in most mammalian
species (Litwin and Morgan, 1999; Schouten and Ter Keurus,
1991; Vornanen, 1992; Taylor et al., 2004), turtles and frogs
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branchial ﬁshes (Maylic et al., 1979; Driedzic and Gesser,
1988). On the other hand, such increases in the stimulation fre-
quency lead to a decrease in the developed cardiac contraction
(negative force–frequency relationship) in most ectothermic
animals (Driedzic and Gesser, 1985, 1988; Hove-Madsen and
Gesser, 1989; Vornanen, 1989; Baily and Driedzic, 1990;
Hove-Madsen, 1992; Shiels and Farrell, 1997; Rantin et al.,
1998; Costa et al., 2000, 2004; Gina et al., 2006; Rocha
et al., 2007). Similarly, a negative force–frequency relationship
was also recorded in the present study forC. gariepinus ventric-
ular preparation. The negative force–frequency relationship in
ﬁsh hearts is probably due to a frequency-dependent decrease
in trans-sarcolemmal Ca2+ inﬂux via the L-type Ca2+ channel
(Hove-Madsen and Tort, 1998; Harwood et al., 2000; Warren
et al., 2010), and the resulting decrease in the SR-Ca2+ via cal-
cium induced Ca2+-release from the SR (Fabiato, 1983).
In ectotherms, the physiological and biochemical processes
are affected by the changes in temperature during seasonal
temperature variations, so ﬁsh can acclimatize to the new ther-
mal condition adjusting their physiological and biochemical
processes in a compensatory manner (Matthews and Berg,
1997; Reid et al., 1997; Anelli et al., 2004). Fish hearts are de-
signed to deal with seasonal as well as acute changes in the
environmental temperature (Shiels et al., 2002b). So, the ability
of ﬁsh heart to function during changes in the seasonal temper-
ature is essential for survival. Thus, the changes in the temper-
ature can cause a change in the force–frequency relationship in
most ﬁshes (Shiels et al., 1999; Shiels and Farrell, 2000).
In accordance with the recorded results in most ﬁshes (Shiels
et al., 1999; Costa et al., 2004; Rocha et al., 2007), the ventric-
ular preparation of the catﬁsh in the present study showed a
negative force frequency relationship at the lower and higher
temperatures. However, this negative force–frequency relation-
ship at lower temperature (10 C) was pronounced in the fre-
quency range between 0.5 and 0.9 Hz. Also, the preparations
at this temperature were able to contract regularly until
1.0 Hz. It has been reported that the changes in temperature re-
sults in the changes of the main sources of Ca2+ responsible for
the activation of the contractile system and thereby the devel-
opment of cardiac contractility in endothermic and ectothermic
animals. At low temperature, the importance of the SR to force
development decreases in most ﬁshes (Hove-Madsen, 1992;
Moller-Nielsen and Gesser, 1992; Gesser, 1996). It has been
demonstrated that the role of the SR in the negative force–fre-
quency relationship is secondary to the transsarcolemmal Ca2+
channel in the majority of ﬁshes (Shiels et al., 2002a). Thus, a
negative force–frequency relationship seems to be, directly or
indirectly, a frequency-dependent decrease in transsarcolemmal
Ca2+ channel (Keen et al., 1992; Olsson et al., 2000; Shiels and
Farrell, 2000). This seems to be the same in the present study
since the ventricular preparation of the catﬁsh showed a nega-
tive force frequency at low temperature.
At 15, 20 and 25 C, the increases in the stimulation fre-
quency result in a stepwise decrease in the cardiac contraction
development. The ﬁndings that the decrease in the cardiac con-
traction which was observed at 0.2 Hz (physiological relevant
frequency in ﬁshes) at 15, 20 and 25 C needs more investiga-
tion. In addition, it was found that the decrease in the cardiac
contraction developed as a result of increasing stimulation fre-
quency at 20 and 25 C was signiﬁcantly lower than that devel-
oped at 10 and 15 C at higher frequencies. This ﬁnding again,is in accordance with the suggestion that SR, as a source of
activating Ca2+ for contraction, at low temperature may play
a minor role in most ﬁsh hearts (Hove-Madsen, 1992; Moller-
Nielsen and Gesser, 1992; Gesser, 1996). Also, it can be sug-
gested that the catﬁsh ventricle has efﬁcient Ca2+ transporting
mechanism which may allow an adequate amount of Ca2+
delivery to the contractile system even after an increase in
the stimulation frequency at low temperature. Here, we can ex-
pect that the transsarcolemmal Ca2+ channel and Na+/Ca2+
exchange may account for this response, since it has been
demonstrated that the Na+/Ca2+ exchange and transsarco-
lemmal Ca2+ channel presents relative temperature insensitiv-
ity (Marengo et al., 1997; Xue et al., 1999).
At higher temperature (30 C), a negative force–frequency
relationship was also observed in the present study, like that re-
corded in most ﬁsh hearts at the higher temperature, when high
stimulation frequencies were applied to catﬁsh ventricle strips.
However, the decrease in the cardiac contraction at higher
frequency applied (2.0 Hz) was 61.33%± 1.12. Whereas, the
recorded result at 0.2 Hz was 35.5 ± 0.67% (which represented
as a control). Moreover, the decrease in the rate of contraction
at this temperature was similar to that decrease in the contrac-
tile force, also at higher frequency attained. So, the ﬁnding that
the decrease in the contractile force at the same frequency
(2.0 Hz) was lower at 15, 20 and 25 C than that at 30 C
may suggest that elevating temperature increases the Ca2+ sen-
sitivity of the contractile system. This is in accordance with the
assumption that the elevation of temperature increases the
Ca2+ availability to the contractile proteins in amphibian’s
heart (Harrison and Bers, 1990) and the frequency of interac-
tion per myosin head increases with temperature (de Tombe
and ter Kerus, 1990). In this respect, it can be speculated that
the SR-Ca2+ release may have a role in supporting the cardiac
contractility at higher temperature and the frequency in the
ventricular preparations of the catﬁsh.
In conclusion, catﬁsh (C. gariepinus) ventricular prepara-
tion possesses a negative force–frequency relationship, like
most ﬁshes, at lower and higher temperatures. However, the
decreases in the cardiac contractility at higher temperature
(30 C) and higher frequencies were lower than that developed
at the other temperatures applied (10, 15, 20 and 25 C). Thus,
this negative force–frequency relationship may be due to a fre-
quency dependent decrease in the intracellular Ca2+ due to a
decrease in Ca2+ inﬂux through the sarcolemmal Ca2+ chan-
nels and Na+/Ca2+ exchange or a reduction in the SR-Ca2+
release at high frequencies (Shiels et al., 2002a) and low tem-
perature, but at high temperature, the SR-Ca2+ may have a
role in the cardiac contractility development.References
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